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Photon-induced ultrafast energy dissipation in small isolated Ni32 has been studied by two-color pump-
probe photoelectron spectroscopy. The time-resolved photoelectron spectra clearly trace the path from a single-
electron excitation to a thermalized cluster via both inelastic electron-electron scattering and electron-
vibrational coupling. The relatively short electron-electron-scattering time of 215 fs results from the narrow
energy spread of the partially filled d levels in this transition-metal cluster. The relaxation dynamics is dis-
cussed in view of the cluster size and in comparison to the totally different relaxation behavior of s/p-metal
clusters.
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Electron-scattering processes play a key role for many
phenomena in condensed matter physics. Giant
magnetoresistance,1 photon-induced interaction of molecules
or atoms with surfaces,2 or magneto-optical data storage3 are
only a few examples. Approaching the nanometer scale the
scattering rate of excited electrons is significantly affected by
the size of the physical system. In particular, this becomes
evident when the size is reduced to the same dimension as
the mean scattering length of an excited electron. Consider-
ing the proceeding miniaturization of electronic devices a
detailed understanding of electron-scattering processes is
thus not only of fundamental interest but also of great tech-
nological importance.
If an electron in a bulk metal is excited about 1 eV or
more above the Fermi level, the predominant relaxation pro-
cess is inelastic electron-electron scattering. The mean scat-
tering time te-e usually amounts to a few tens of
femtoseconds.4–6 te-e considerably depends on the density of
states ~DOS! around the Fermi level (EF) which is generally
large and continuous in metals. Moreover, in transition met-
als the DOS around EF is considerably enhanced by d states.
Therefore the lifetime of excited electrons in d metals is
typically about one order of magnitude smaller than in noble
metals.
The size dependence of electron relaxation processes has
been investigated in nanoparticles down to a diameter of 4
nm.7–10 For silver nanoparticles from about 30 nm to 4 nm
diameter the electron-electron scattering time decreases
steadily by a factor of 2 ~Ref. 10!. Here the spillout of the
conduction electrons leads to a reduced electron screening
with decreasing particle size which increases the Coulomb
interaction between the scattering electrons.
However, if the size of metallic systems is reduced to the
subnanometer scale, the DOS is substantially affected by
quantum confinement. This leads to a rather discrete elec-
tronic structure. Consequently photoemission spectra of
noble and simple metal clusters show sharp and well-
separated peaks.11–13 Thus for an excited electron the prob-0163-1829/2003/67~3!/035425~5!/$20.00 67 0354ability of inelastic scattering with other electrons is signifi-
cantly reduced. Therefore in optically excited small noble
and simple metal clusters slow processes like nuclear wave
packet dynamics, luminescence, and dissociation on a pico-
second or even nanosecond time scale have been observed
instead of inelastic electron scattering.14–16
In contrast, recent time-resolved photoemission studies on
small transition-metal clusters have demonstrated inelastic
electron-scattering processes on a femtosecond time
scale.17–19 Similar to bulk metals the ultrafast relaxations in
transition-metal clusters are enabled by the large DOS
around the highest occupied molecular orbital ~HOMO!
which is caused by the partially filled d levels. These d levels
create a rather dense electronic level structure in the upper
valence region even in very small clusters as discussed in
this paper.
We present time resolved data on ultrafast electron relax-
ations in Ni32 measured in a two-color pump-probe experi-
ment. The use of two colors allows for a background-free
measurement of the excited electron intensity. The photo-
electron data reveal sequential energy-dissipation steps be-
tween the initial single-electron excitation and the thermali-
zed cluster i.e., inelastic electron-scattering and electron-
vibrational coupling. In contrast to similar experiments on
bulk surfaces the number of degrees of freedom and the
amount of absorbed energy are exactly known for an isolated
gas phase cluster.
II. EXPERIMENT
The experimental setup has been described in detail in
Ref. 20. Clusters are produced in a pulsed-laser vaporization
source by aggregation of metal vapor in a He carrier gas. A
cluster beam is formed in an adiabatic expansion. Anionic
clusters are deflected and size selected from the cluster beam
by a time-of-flight mass spectrometer. When cluster anions
of the desired size enter the magnetic-bottle time-of-flight
electron spectrometer they are decelerated and electrons are
detached using the pump and probe femtosecond-laser pulse.
The pulses are generated in a low-repetition ~up to 100 Hz!©2003 The American Physical Society25-1
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of the electron spectrometer amounts to 30 meV on average.
Fundamental ~photon energy 1.5 eV, ;1 mJ/pulse, temporal
width ;80 fs! and second-harmonic laser pulses
(;0.3 mJ / pulse, temporal width ;80 fs) of Ti:sapphire
have been used in the measurements. In the two-color pump-
probe setup the position of zero delay between the pump and
probe pulses is determined experimentally via polarization
gating in the rear window of the vacuum chamber.
III. RESULTS AND DISCUSSION
Figure 1 shows photoelectron spectra of Ni32 taken with
fs-laser pulses of 80 fs width. The uppermost spectrum ~a! is
recorded with fs single pulses of 3 eV photon energy and
reveals mainly direct photoemission.21,22 This spectrum re-
flects in a good approximation the occupied DOS of Ni32 in
its electronic ground-state configuration. The small intensity
above23 the HOMO results from two-photon photoemission
~2PPE! due to the intense 3 eV femtosecond pulse.
Figure 1~b! displays a series of pump-probe 2PPE spectra
of Ni32. These have been recorded using two subsequent
femtosecond-laser pulses: the pump pulse at 1.5 eV photon
energy and the probe pulse at 3 eV photon energy. The tem-
poral delay between the two pulses ranges from
FIG. 1. Femtosecond photoelectron spectra of Ni32 taken with
fs pulses ~80 fs!. ~a! Single-photon photoemission with 3-eV pho-
tons. ~b! Time-resolved photoemission spectra using a 1.5-eV pump
and a 3-eV probe photon. The rapid changes of the intensity distri-
bution above the HOMO @dotted line at 1.3 eV ~Ref. 24!# indicate
the ultrafast relaxation of the optically excited electrons by inelastic
electron scattering.03542240 fs to 330 ps. A significant change of the excited elec-
tron intensity ~magnified by a factor of 25! is observed at a
binding energy below 1.3 eV. With increasing delay a broad
peak around 0.9 eV grows in continuously and reaches a
maximum at about 140 fs. This initially excited intensity
distribution reflects the so-called joint density of states.18 At
later times the electron intensity begins to fade while the
intensity distribution shifts towards higher binding energies.
This indicates a fast relaxation of excited electrons by inelas-
tic electron-electron scattering as is well known from similar
experiments on metal surfaces.5 At delays larger than 3 ps
the spectra remain almost unchanged, showing an
exponential-like decreasing intensity distribution.
The inelastic electron-electron scattering is schematically
illustrated in the level diagrams in the top of Fig. 2. The
optically excited electron scatters with an electron below the
HOMO, thereby transferring a fraction of its excitation en-
ergy to the scattered counterpart. Due to the Pauli principle,
both electrons reside above the HOMO at binding energies
larger than the binding energy of the initially excited elec-
tron. This induces the observed intensity shift in the electron
spectra. Generally the relaxation proceeds in a cascade of
many further scattering events, leading to many-electron ex-
cited states. After a sufficient number of scattering processes
the electron system attains thermal equilibrium obvious by a
thermal electron intensity distribution at Dt*3 ps. The sub-
sequent decrease of the total intensity is caused by the drain
of energy from the electronic into the vibrational system via
electron-vibational coupling.
An essential difference between the relaxation processes
in a free small cluster with respect to the bulk is the limited
number of degrees of freedom. Consequently the total energy
~i.e., basically the absorbed photon energy of 1.5 eV! is con-
served during the whole relaxation process and remains lo-
calized inside an isolated cluster in contrast to macroscopic
surfaces where the energy can diffuse into the bulk, e.g., by
ballistic transport. Accordingly, it is appropriate to describe
the inelastic electron-scattering processes in an isolated par-
FIG. 2. Scheme of the electron relaxation process via inelastic
electron-electron scattering in a simple one-particle picture ~upper
part! and in terms of transitions between electronic states of a small
isolated cluster ~lower part!.5-2
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another.
Upon interaction with the exciting laser pulse a wave
packet is created on the potential energy surface of the ex-
cited electronic state A2. As the excitation process is usually
instantaneous compared to nuclear motion the transition oc-
curs vertically in the potential surface diagram. The inelastic
scattering of the excited electron results in an electronic tran-
sition from state A2 to B2 corresponding to the new elec-
tronic level configuration. This causes the wave packet in A2
to develop onto the potential surface of B2. The time scale
of such transitions is determined by the lifetime of the ex-
cited electron, te-e . Further scattering events succeed by ad-
ditional transitions into the electronic states C2, D2, E2,
etc. The conservation of total energy during the relaxation is
accounted for by fixing the position on the energy scale as a
function of the time ~i.e., the semitransparent plane in Fig.
2!. Considering the Heisenberg uncertainty principle and the
laser spectral bandwidth the time-dependent cluster state is
mainly composed of eigenstates located in the immediate
vicinity of this energy plane.
After photoexcitation the nuclei find themselves in an al-
tered Coulomb potential which depends on the particular
electronic state of the cluster. Consequently the nuclei are no
longer in geometric equilibrium and start to rearrange within
the new potential. Hereby the nuclei gain potential and ki-
netic energy at the expense of the electronic systems energy.
In turn, the change of the cluster geometry modifies the elec-
tronic structure which vice versa retroacts on the relaxation
process. Altogether the relaxation of the excited cluster de-
pends on both electronic and geometric changes. At the end
of the dissipation process the electronic and nuclear systems
reach thermal equilibrium at an elevated temperature. De-
pending on this final temperature the nuclei do not just vi-
brate but may even permanently change their positions
which means that the cluster has become liquid.26
From the above consideration it is obvious that the more
cluster states are available in the immediate vicinity of the
excitation energy, the faster the relaxation via inelastic
electron-electron scattering proceeds. To get an idea of the
mean number of cluster states per energy interval for a tri-
atomic Ni-like cluster a fictive level scheme is presented in
Fig. 3. The electronic level configuration is deduced from a
d9s1 atomic configuration. The d-level bandwidth is assumed
to be 4 eV, similar to the bulk value. This is justified by the
fact that the energetic spread of the localized d orbitals is
mainly caused by the interaction with the immediate neigh-
bor atoms which has been verified in calculations of the elec-
tronic structure of, e.g., Ni42 ~Ref. 25! or Pd132/Pt132 ~Refs.
27 and 28!. For the s/p levels a typical bandwidth of 15 eV
is supposed. The relative position of d and s/p levels is ap-
proximately given by the level occupation in the electronic
ground state of the trimer ~3 d and 21 s/p levels are unoc-
cupied; 27 d and 3 s/p levels are occupied!. The average
number of cluster states within a specific total energy range
is then derived by systematically combinig the occupation of
this electronic level scheme. A number of 280 states results
within a total energy range between 0 eV, and 1.5 eV, corre-
sponding to a mean value of roughly 20 states per 100 meV.03542It is very instructive to compare this value with that of a
triatomic noble or simple metal cluster ~e.g., Ag3 or Na3).
Here the upper valence region is composed of s/p levels
only. Combining the occupation of a corresponding elec-
tronic level system ~3 occupied versus 21 unoccupied s/p
levels, no d levels! only three cluster states can be found
with a total energy below the excitation energy 1.5 eV. This
is two orders of magnitude smaller than in a transition-metal
cluster and impressively explains the different relaxation be-
havior of a transition- and a noble-metal cluster.
From Fig. 2 it becomes evident that the splitting of the
electronic states into a series of vibronic sublevels must play
an important role for the relaxation process ~typical vibra-
tional energies range from 5 meV to 200 meV!. The elec-
tronic states are not only accessible in the immediate neigh-
borhood of the electronic state, but also in a particular energy
interval corresponding to the vibrational broadening. The
splitting into vibrational sublevels multiplies the number of
possible relaxation pathways and thus enhances the probabil-
ity of inelastic electron scattering.
The above estimate of the number of states per energy
interval only provides an average value of the electronic
states’ density. In a real cluster the electronic levels are gen-
erally not distributed equidistantly and hence the density of
cluster states may fluctuate depending on the excitation en-
ergy. In consequence, the relaxation behavior of each indi-
vidual cluster may depend on the individual electronic struc-
ture as it determines the number of accessible cluster states
in the particular excitation energy range.18
A qualitative estimate of the unoccupied DOS of Ni32 can
be deduced from an evaluation of the resonant 2PPE spec-
trum. Figure 4 displays the pump-probe spectrum at a delay
of 140 fs. As already mentioned the intensity distribution
above the HOMO reflects in a good approximation the joint
density of states: JDOS(En ,\v)“g(Ei)uM niu2g(En5Ei
1\v). Here M ni is the dipole matrix element for the reso-
nant transition from the initial state ui& to the intermediate
state un& and g(E) corresponds to the level density. In this
approximation any relaxation is neglected ~see deduced elec-
FIG. 3. Level scheme of a triatomic transition-metal cluster. The
level occupation is deduced from a d9s1 atomic configuration.5-3
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the DOS above the vacuum level are assumed to be constant.
As the occupied level density g(Ei) is experimentally known
from the direct photoemission spectrum the unoccupied par-
tial DOS ~PDOS! can be infered by dividing the 2PPE spec-
trum by the excitation-energy shifted 1PPE spectrum @dotted
line in Fig. 4~a!#. This PDOS uM niu2g(En5Ei1\v) is
shown in Fig. 4~b!. From 1.3 eV to 0.9 eV the unoccupied
PDOS is nearly constant which explains the similarity be-
tween the shifted 1PPE spectrum and the JDOS. The strong
decrease of the PDOS between 0.9 eV and 0.5 eV may be
caused by a breakdown of the d-level density. The distribu-
tion between 0.5 eV and 0 eV should not be taken too serious
as it is deduced from very low electron intensities.
In order to deduce a mean scattering time te-e from our
data the evolution of the partial electron intensity in the bind-
ing energy range between 0 eV and 0.8 eV has been analyzed
@see Fig. 5~a!#. It is assumed that the intensity in this energy
range represents an electron population which is initially cre-
ated by the pump pulse. Due to the natural lifetime, the ex-
cited electrons undergo a simple exponential decay with a
mean time constant te-e for the electrons in the regarded
excitation energy range. This assumption is justified by the
fact that electrons most likely release half their excitation
energy in a single scattering event,29 leading to the removal
of the electron from the considered energy range. Moreover,
secondary electrons are not expected to contribute signifi-
cantly in that area.
As the initial excitation by the pump pulse takes place
coherently the photoelectron dynamics in Fig. 5~a! can math-
FIG. 4. Estimate of the unoccupied partial DOS ~PDOS! of
Ni32 in the binding-energy range from 0 eV to 1.3 eV assuming a
single-particle picture. ~a! Resonant 2PPE spectrum ~1.5 and 3 eV!
of Ni32 at a delay 140 fs. Between 1.3 eV and 3 eV the electron
intensity results from single-photon photoemission ~1PPE!. The
two-photon electron intensity below 1.3 eV binding energy reflects
the joint density of states. The dotted line is the 1PPE spectrum
shifted by the amount of the pump-photon energy. Dividing the
2PPE spectrum by the dotted spectrum provides the unoccupied
partial DOS in ~b!.03542ematically be modeled by the optical Bloch equations for a
two-level system.30,31 Here the lower level u1& corresponds
to the ground level. To consider the relaxation of the excited
electrons in the optically excited level u2& a phenomenologi-
cal relaxation time is introduced which corresponds to a
mean inelastic electron lifetime te-e . The lifetimes for all
levels in the regarded energy range are assumed to be the
same. The probing of the electron population by the second
pulse is taken into account by convoluting the transient level
occupation with the probe pulse intensity function. Applying
this model to the experimental data in Fig. 5~a! a mean in-
elastic electron-electron-scattering time of te-e5(215
650) fs is found in a least-squares fit.
Moreover, an analysis of the total electron intensity above
the HOMO ~i.e., in the binding-energy range from 1.3 to 0
eV! provides an estimate for a mean electron-vibrational
coupling time te-vib in Ni32 @see Fig. 5~b!#. As the total
electron intensity above the HOMO is a measure of the ex-
citation energy contained in the electronic system, its de-
crease with increasing delay indicates how much energy has
already drained off into nuclear motion by the coupling of
the electronic and nuclear systems. The experimental data
have been analyzed for delays beyond 250 fs where a tem-
poral overlap of the pump and probe pulses can be neglected
and hence the excitation process need not be considered.
Assuming a simple exponential decay for the data in Fig.
5~b! an electron-vibrational coupling time of te-vib5(450
6150) fs is deduced by a least-squares fit.
Similar time-resolved measurements have been performed
for the remaining trimer anions of the nickel group.17,18 te-e
FIG. 5. ~a! Population dynamics of the highest excited electrons
in the binding energy interval 0–0.8 eV. Using the optical Bloch
equations ~Ref. 30! a scattering time te-e for inelastic electron-
electron scattering is deduced for the initially excited electrons in
the regarded energy range. The gray line shows the calculated cross
correlation curve ~the pulse width of pump and probe pulse is 80
fs!. ~b! The total photoelectron yield ~0–1.3 eV above the HOMO!
as a function of the delay.5-4
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Pt32. Altogether, these results underline that relaxation of
optically excited electrons via inelastic electron scattering on
a 10–100 fs time scale is characteristic for small transition-
metal clusters. As the electronic properties and hence the
specific electronic lifetimes for few-atom clusters dramati-
cally fluctuate with the number of atoms as well as the exci-
tation energy it is difficult to relate the particular lifetimes to
a periodic trend in the nickel group. The shorter lifetimes of
Pd32 and Pt32 are consistent with the increasing relative size
of the d orbitals from the first to the third row of the nickel
group which causes an enhanced spatial overlap of the d
orbitals and therefore an increase of the electron interaction.
IV. SUMMARY
The ultrafast relaxation of excited electrons via inelastic
electron-electron scattering in isolated Ni32 clusters has
been observed in a two-color pump-probe experimental setup
(hn51.5 and 3 eV!. Using the optical Bloch equations a03542series of time resolved background-free photoelectron spec-
tra reveal a mean lifetime of te-e5(215650) fs for electrons
initially excited between 0 and 0.8 eV binding energy. As-
suming a simple exponential decay for the total hot electron
intensity an electron-vibrational coupling time of te-vib
5(4506150) fs has been deduced. The mean number of ex-
cited states in a three-atom transition-metal cluster has been
estimated to be two orders of magnitude larger than in a
noble-metal cluster. This explains why inelastic electron
scattering can be observed in transition-metal clusters but not
in small s/p-metal clusters.
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